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0022-2836/$ - see front matter © 2012 EWe have determined the three-dimensional structures of both native and
expanded forms of turnip crinkle virus (TCV), using cryo-electron
microscopy, which allows direct visualization of the encapsidated single-
stranded RNA and coat protein (CP) N-terminal regions not seen in the
high-resolution X-ray structure of the virion. The expanded form, which is a
putative disassembly intermediate during infection, arises from a separa-
tion of the capsid-forming domains of the CP subunits. Capsid expansion
leads to the formation of pores that could allow exit of the viral RNA. A
subset of the CP N-terminal regions becomes proteolytically accessible in
the expanded form, although the RNA remains inaccessible to nuclease.
Sedimentation velocity assays suggest that the expanded state is metastable
and that expansion is not fully reversible. Proteolytically cleaved CP
subunits dissociate from the capsid, presumably leading to increased
electrostatic repulsion within the viral RNA. Consistent with this idea,
electron microscopy images show that proteolysis introduces asymmetry
into the TCV capsid and allows initial extrusion of the genome from a
deﬁned site. The apparent formation of polysomes in wheat germ extracts
suggests that subsequent uncoating is linked to translation. The implication
is that the viral RNA and its capsid play multiple roles during primary
infections, consistent with ribosome-mediated genome uncoating to avoid
host antiviral activity.© 2012 Elsevier Ltd. All rights reserved.resses: a.r.
ds.ac.uk; p.g.
ein; TCV, turnip
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Single-stranded RNA (ssRNA) viruses cause very
signiﬁcant material and ﬁnancial losses in essential
crop plants every year.1 Recently, it has been
recognized that infection by, and systemic spread
of, many of these viruses are controlled by a series of
host defense mechanisms including RNA silencing.2
The host's defenses have consequences for the
mechanisms used by these viruses to introduce
their genomic RNAs into cells. For turnip crinkle
virus (TCV3), a member of the Tombusviridae family
that includes the close structural homologue tomato
bushy stunt virus (TBSV4) (Fig. 1), the coat proteind.
Fig. 1. Architecture of the TCV virion. (a) The T=3 capsid of TCV contains 180 copies of the CP subunit in three quasi-
equivalent conformations. The A subunits pack around the 5-fold symmetry axes (shown in green), and subunits in the B
(pink) and C (blue) conformations interdigitate around the particle 3-fold axes. The CP subunits are rendered as a surface
to simplify the representation. An icosahedron is shown in red to highlight the locations of the symmetry axes. (b) At the
particle 3-fold axes, the N-terminal arms of the C subunits are partially ordered and intertwine to form the β-annulus
structure. Protein subunits are shown as a cartoon representation using the same color scheme as in (a). The β-annulus
structure is shown as a thicker segment and highlighted in a stronger blue. (c) The domain structure of the TCV CP
subunit. The P domain forms the surface spikes of the protein, while the S domain forms the continuous protein shell. The
N-terminal regions are largely unstructured and have been proposed to bind genomic RNA via their basic amino acid side
chains. (d) The amino acid sequence of TCV CP. The secondary structure elements determined by crystallography are
shown above the sequence. Amino acids colored red (T70 and W346) indicate sites of variation in our sequence from the
original publication.5 Underlined amino acids have been directly sequenced by tandemmass spectrometry (red line) or by
Edman degradation (blue line).
66 Native and Expanded TCV Structures(CP) subunit has been shown to have multiple
functions that include overcoming some of these
barriers.6 To probe the roles played by the capsid in
facilitating infection, we have determined cryo-
electron microscopy (cryo-EM) reconstructions of
both a native form and an expanded form of TCV,
the latter being a putative intermediate in viral
disassembly during infection.Both TBSV and TCV are examples of T=3
capsids3,4,7 and were among the ﬁrst virus struc-
tures determined by X-ray crystallography. Each is
∼330 Å in diameter and is composed of 180 copies of
a single polypeptide chain whose conformations
differ in a symmetry-related fashion, creating three
distinct quasi-equivalent conformers (denoted A, B
and C). These CPs form non-covalent dimers via
67Native and Expanded TCV Structuresinteractions between their C-terminal projecting (P)
domains, which connect via short hinge regions to
globular domains that form the shell of the capsid
(S domain, Fig. 1c). In the capsid, the 90 CP dimers
exist as either asymmetric A/B dimers (60 in total)
or symmetric C/C dimers (30 in total). These differ
in the hinge angles between S and P domains but
are principally differentiated by their N-terminal
regions. Here the protein forms an extended arm
that is partially disordered in the X-ray structures.
This region is more ordered in C/C dimers,
forming an additional β-strand at the edge of the
S domain that extends to make contact with the
symmetry-related arms to form an additional
structure termed the β-annulus at the particle
3-fold axis (Fig. 1b). The equivalent regions in the
A and B subunits are disordered and not seen in
the X-ray electron density map. The polypeptide
chains N-terminal to the β-annulus (in C subunits)
or the S domain (in A and B subunits) disappear
toward the center of the virus particle where they
presumably interact with genomic RNA, possibly
via positively charged N-terminal regions.
Unlike TBSV, TCV is easily dissociated in vitro by
transfer into mildly alkaline buffers containing high
salt and ethylenediaminetetraacetic acid (EDTA),
yielding a CP–RNA complex and RNA-free CP
dimers,8 which permits in vitro assembly studies.
Reassembly of the T=3 shell occurs following
mixing of these components and dialysis against
neutral buffers containing calcium ions.9 From
estimates of the stoichiometry, the CP–RNA com-
plex consists of up to three CP dimers and p80, a
minor protein that appears to be present as a single
copy per virion. p80 has been shown to consist of
two covalently linked CP subunits.10 A molecular
mechanism for capsid assembly was proposed
based on this CP–RNA complex, which is assumed
to contain a β-annulus and act as an initiation
complex.9 This model is consistent with the subse-
quent identiﬁcation of a short RNA fragment that
acts as a minimal packaging signal in vivo.11
The Tombusviridae are similar to a much larger
class of plant virus genera, including those with
multipartite genomes,12 all of which have extended
CP arms. Many human and animal viruses, such as
papilloma virus,13 also have extended arms. A
further similarity across plant and animal viruses
is that many of these, including human immunode-
ﬁciency virus and brome mosaic virus, have
arginine-rich RNA-binding domains within their
extended arms.12 The N-terminal regions in TBSV/
TCV are also positively charged but do not contain
such a motif, although it is assumed that they play
similar roles in binding viral RNA.9
For simple plant viruses, genome uncoating
commonly requires the conformational rearrange-
ment of the capsid. This is driven by the expulsion
of divalent metal ions, which play structural roleswithin the native virion. In most cases, the result
is formation of an expanded form of these virus
particles, and these have been postulated to be
disassembly/uncoating intermediates. A number
of these states have been analyzed structurally,
starting with the expanded form of TBSV deter-
mined by X-ray crystallography at 8 Å,14 and this
remains the highest-resolution view of an expanded
virus. A number of other structures have been
determined by cryo-EM reconstruction at medium
to low resolution.15–17
To further understand the functional relevance of
capsid expansion, we have determined the three-
dimensional (3-D) structures of the native and
expanded forms of TCV, using cryo-EM. We have
also assayed the protease and nuclease sensitivity of
the various virion components in the native and
expanded particles and used sedimentation velocity
experiments to interrogate their hydrodynamic
radii and stability. Our results help to rationalize a
number of disparate observations for a range of
different viruses, by elucidating a single experimen-
tally tractable system. We show that expanded
capsids are metastable and that their greater
volume allows the packaged RNA to be more
dynamic. They are also porous, in principle
permitting the RNA to access the translational
apparatus of the cell while still providing protection
from host nucleases. However, proteolysis of
expanded virions in the absence of other factors
causes loss of cleaved CP subunits and efﬁcient
initial extrusion of viral RNA from a single site in
the capsid. Taken together, these results provide the
ﬁrst clear structural rationale for the capsid expan-
sion by plant virus particles during infection.
Expanded capsids are readily proteolyzed, expos-
ing the viral RNA to the host's translational
machinery in a controlled way to avoid host
antiviral responses. This coupling of biological
and structural mechanisms may be a common
feature among this class of viruses, although the
precise molecular details may vary in each.Results and Discussion
The structure of the native TCV virion
The 3-D structure of the native TCV virion was
determined using cryo-EM, single-particle image
processing and icosahedral symmetry averaging, at
∼11 Å resolution (Fig. 2). The EM map has the
characteristic “spiked” appearance of Tombusviridae.
To enhance our understanding of the electron
density, we ﬁtted the crystal structure of the TCV S
and P domains (coordinates courtesy of Prof. S. C.
Harrison, Harvard Medical School, Harvard, Boston,
MA, USA3) into the map.
Fig. 2. The structure of the TCV virion. (a) Surface view (left-hand side) and atomic structure ﬁtting (right-hand side) of
the native virion. On the right, the density has been made transparent, revealing the ﬁtted coordinates for the TCV crystal
structure shown as a ribbon, colored as in Fig. 1. (b–d) Close-up views of the ﬁt of the atomic structure, along the 2-fold
(b), 3-fold (c) and 5-fold (d) symmetry axes.
68 Native and Expanded TCV StructuresIn cross-section, the electron density map reveals
that the virion is composed of three distinct, but
connected, shells of electron density. The atomic
coordinates for the S and P domains ﬁt the outermost
of these shells (lying between radii of 110–180 Å)
extremely well. We ascribe both shells of electron
density at lower radii to a mixture of packaged viral
RNA and the N-terminal regions of the CPs. The
middle shell of electron density, between radii of 83–
109Å, is connected to the protein capsid at the 2-fold,
5-fold and 3-fold symmetry axes (Fig. 3a). At higher
contour levels, where only the strongest electron
density is visible, this shell has a distinct cage-like
structure that is best described as a truncated
icosahedron [consisting of pentagonal rings sur-
rounded by “ﬂattened” hexagons that are centered
on the 3-fold symmetry axes (Fig. 3b)]. At similar
contour levels, the innermost shell, located between
radii of 50–73 Å, is almost completely absent. This
suggests that the innermost shell has a lower
occupancy or that the molecular components that
contribute to it are less ordered or both. When
weaker electron density is included, the middle and
inner shells are connected by columns of density
with a radius of ∼7 Å (at the contour level shown),
along the 2-fold symmetry axes.The organization of the interior of the virion
The overall pattern of density observed in our
structure of native TCV is similar to that seen
previously inside other small plant viruses, includ-
ing TBSV and cucumber necrosis virus.15,18 All
show an ordered protein capsid with two additional
shells of density. In detail, the picture is subtly
different for each virus. The way in which the
middle shell contacts the capsid protein and the
contacts between middle and inner shells is not
consistent. In cucumber necrosis virus, the main
contacts between the capsid and the middle shell are
at the 5-fold axes, while the contacts between the
middle and inner shells are along the 2-fold axes.18
In TBSV, the main contacts between protein and the
middle shell are at the 2-fold axes, while the interior
shells connect along the 5-fold axes.15 TCV shows a
unique pattern of contacts (Fig. 3b). Here the capsid
and the middle shell are connected at the 3-fold axes,
where the β-annulus is located, and at the 5-fold
axes. The interior shells connect along the 2-fold
axes. These differences argue against a single
arrangement for packaged RNA in the Tombusviridae
and suggest that the relationship between the
symmetrical CP layer and virion contents may also
Fig. 3. Density within the native TCV virion. (a) A central 25-Å-thick section through the cryo-EM structure of the
virion. The EM density is transparent in the capsid region, revealing the ﬁtted atomic coordinates. At lower radii, the cut
surface of the density is opaque for visual clarity and is colored using a radial scheme (from pink at a radius of 50 Å to blue
at 180 Å). Icosahedral symmetry axes are also indicated. (b) Cutaway view of the virus showing the cage-like structure of
the internal density.
69Native and Expanded TCV Structuresvary. Similar multi-shelled structures have been
seen for the RNA phages, whose CPs lack extended
arms, so that in those cases the inner shells are
composed solely of viral RNA.19–23
Structure of the expanded particle
Both TCV and TBSV capsids are stabilized by Ca2+
ions, which are coordinated by negatively charged
amino acid side chains at the interfaces between
subunits (Fig. 4). The initial entry of TCV into the host
cell follows mechanical damage caused by its insect
vector. Conditions within the cell result in loss of
these structural calcium ions.24 The resulting electro-
static repulsion between acid side chains leads to
expansion. From the X-ray structure of expanded
TBSV, and presumably for TCV as well, it appears
that the expanded structure is stabilized by an
increased ordering of the N-terminal regions of the
A and B subunits adjacent to the S domain.14 For
TCV, unlike TBSV, addition of high salt concentra-
tions to the expanded form leads to dissociation of
the capsid.
To examine expansion in TCV, we incubated
native virions in low-ionic-strength buffer containing
EDTA at pH 8.5. This resulted in particles that were
visibly expanded in the raw cryo-electron micro-
graphs, and these were used to determine an
icosahedrally averaged, 3-D reconstruction for the
expanded TCV virion at ∼17 Å resolution. Although
the expanded form is ∼5% larger than the native
virion (outer radius of ∼190 Å compared to∼180 Å), the two structures are superﬁcially similar.
The expanded capsid again has three shells of
density, albeit each lying at a slightly higher radius.
However, signiﬁcant differences exist between the
inner shells of the native and expanded forms. The
middle shell of electron density becomes weaker and
less cage like in the expanded state. However, as in
the native virus, at lower contour levels, electron
density at the 2-fold axes connects the innermost and
middle shells of density (Fig. 5). The density forming
the interior shells is much weaker in the expanded
state (cf. Fig. 5, in which the electron density in each
state is contoured such that the CP layer encloses the
same molecular volume). The loss of density could
be the result of the larger volume of the expanded
state (a 5% increase in radius leads to a 17% increase
in volume) or because the RNA and/or N-terminal
regions become more dynamic. For TBSV, NMR
measurements are consistent with the RNA, at least,
becoming more dynamic upon expansion.25
There is also amajor difference between the capsid
structures of expanded and native forms (Fig. 5). In
the native virus, the capsid layer is contiguous,
resulting in a sealed container. However, the
expanded form is porous, with distinct holes (with
a diameter of ∼15–20 Å) in the CP layer. To
understand better the structural changes that form
these pores, we ﬁtted the atomic coordinates of the
CP domains into the expanded density. No signif-
icant alteration in the relative positions of the S and
P domains of the individual CP subunits (i.e., hinge
angles) was observed at this resolution, and the
Fig. 4. The structural conse-
quences of expansion. (a) On the
left, the radial distribution of density
is shown for the native virion. The
middle image shows the expanded
virion contoured to show the same
volume for the CP, as in Fig. 3. On
the right, the expanded virion is
contoured to show the weaker inner
shells of density. The vertical scale
bar on the left indicates the radial
distance from the center of the
particle in angstroms. (b) Result of
viral expansion. Only the asymmet-
ric trimer of TCV is shown for the
native virus on the left and the
expanded particle on the right (col-
ored as in Fig. 1). The calcium ions
(yellow spheres) are shown in the
locations they occupy in the homol-
ogous TBSV structure (PDB code
2TBV). In the native virus, these ions
are coordinated by acidic side chains
(D155 and D157 opposite E127 and
D199) from adjacent monomers
(inset). For the expanded virus, the
edges of the pores observed in the
cryo-EM reconstruction are shown
as gray mesh. The effect of expan-
sion on the relative separation of two
amino acids that remain at the same
radial level (D203 and S202) is
shown by the red arrows. This
distance is 6.5 Å in the native particle
and 17 Å in the expanded virus.
70 Native and Expanded TCV Structurespentamers and hexamers making up the T=3 capsid
remain intact. The pores arise because intact penta-
mers and hexamers have moved apart by ∼10 Å,
movements that should allow the β-annuli, which are
crucial to capsid stability, to remain intact. However,
at this resolution, we cannot conﬁrm this. The
conformational rearrangement seen for TCV, with
respect to the nature and size of the shifts, and the
approximate size of the pores that result are entirely
consistent with the 6-Å structure of TBSV seen by
X-ray diffraction, in which the β-annuli are intact.14
Another expanded plant virus shows similar pores,
although their locations within their icosahedral
shells and their biochemical details differ,26 implying
that pores may be a generic functional feature.
The role(s) of the expanded state in genome
uncoating
At the resolution of our map, the size of the pores
cannot be precisely determined; however, an obvi-
ous possibility is that their creation allows the RNA
genome or other molecular components to exit the
capsid. To test the idea that genomic RNA and/orsequences in the N-terminal region of the CP
become externalized upon expansion, we assayed
the protease and nuclease susceptibilities of the
expanded particles (Fig. 6).
Preparations of TCV and other Tombusviridae
contain two major protein species visible by
SDS-PAGE, corresponding to the full-length CP
subunit (∼38 kDa) and the p80 protein. Minor
bands at ∼30 kDa are also observed. This charac-
teristic pattern is unaltered when native virus is
challenged with chymotrypsin, reﬂecting the great
stability of native TCV virions. In contrast, incuba-
tion of dissociated capsids with protease results in
rapid disappearance of the full-length CP and the
appearance of metastable products at ∼30 kDa, as
has previously been observed.8 These co-migrate
with the bands described above for the virion.
Mass spectrometry of these digestion products and
N-terminal amino acid sequencing (Fig. 1, and
Supplementary Figs. 1 and 2) conﬁrm earlier
suggestions that they are proteolysis products of
the CP consisting of the S and P domains only.8,10 In
this analysis, we observed small differences from the
masses expected from the originally published TCV
Fig. 5. Comparison of native and expanded forms of TCV. (a) Surface representation of the exterior of the two capsids,
with the native virion on the left and expanded form on the right. The capsids are colored using an identical radial scheme,
so the larger radius of the expanded particle is highlighted by the deeper blue of the tips of the surface spikes. Both models
are contoured to incorporate approximately the same volume of density for the CP region. (b) Back half of the capsid
showing the reduction in internal density in the expanded form.
71Native and Expanded TCV StructuresCP sequence.5 We therefore resequenced the CP
gene using cDNA derived from the TCV genomic
RNA used here (see Materials and Methods). This
identiﬁed two amino acid changes (S70T and
L346W). Use of this sequence resulted in precise
agreement with the masses observed (Fig. 1 and
Supplementary Figs. 1 and 2).
Treatment of expanded virus capsids with prote-
ase leads to the same proteolytic cleavages as those
seen in the dissociated virion. However, the kinetics
of these cleavages are remarkably different. A
signiﬁcant fraction (∼1/3) of the full-length CP is
still present after 60 min, suggesting that only some
of the subunits are proteolytically sensitive. The
approximate ratio of the gel bands is consistent with
cleavage of only the A- and B-type subunits. Since
the pores in the expanded capsid are too small to
allow chymotrypsin to access the interior directly,
the cleavage sites in C-type subunits involved in
β-annular contacts are likely to be inaccessible.
When the expanded virus is recontracted by the
addition of excess calcium ions before the addition
of chymotrypsin, minimal proteolysis is observed,
implying that expansion is largely reversible. This
was conﬁrmed by carrying out a low-resolution
icosahedral reconstruction of the recontracted par-
ticle (Supplementary Fig. 3). This shows electron
density for all three shells in the same positions as
they are in native virus. Note that the p80 protein
shows an identical susceptibility to protease as the
CP subunit under these conditions, consistent with it
being a cross-linked dimer of the CP subunit.10
As expected, the RNA in the native virus is
protected from nuclease (Fig. 6). Interestingly, giventhe sensitivity of CPs to protease treatment, the
expanded virus still protects its RNA. This is not
simply a consequence of the buffer conditions
needed to expand the capsid inhibiting the nuclease,
as protein-free TCV genomic RNA under the same
buffer conditions as the expanded virus is rapidly
degraded (Fig. 6b). Thus, it appears that expansion
exposes proteolytic cleavage sites in the N-terminal
region of the CP but does not expose the genome to
nucleases. Despite these results, when expanded
TCV was added to wheat germ translational extract
and examined by negative stain EM, particles were
seen extruding a thin tether, presumably genomic
RNA, bound by structures that appear to be
ribosomes (Fig. 6c). The images are consistent with
a transfer of the TCV RNA from the expanded
capsid to the host's translational machinery.
Other plant viruses also form such striposomes,24
although the requirement for expansion and/or
proteolysis in each case is not known.
In order to examine the stability of the expanded
state and the changes that occur during expansion,
we carried out sedimentation velocity analysis
(Fig. 7a). When spun at high velocity, the expanded
virions dissociated into smaller components, imply-
ing that they are metastable. In contrast, expanded
virions that were recontracted by addition of excess
calcium ions sediment as virus-like particles (VLPs),
albeit with a slightly lower sedimentation coefﬁ-
cient than native virions. This is apparently incon-
sistent with the low-resolution EM reconstruction of
such particles, which suggests that they are identi-
cal with the starting material. The reconstruction
was, however, determined at relatively low
Fig. 6. Assaying the consequences of expansion. (a) Results of chymotrypsin digestion of the virus in various states. The
native virus appears unaffected by the protease, while in dissociated virus, all CPs are rapidly cleaved to the ∼30-kDa
products that roughly correspond to the S and P domains. In expanded virus, about two-thirds of the CP subunits cleave
within 1 h. In the recontracted virus few, if any, CP subunits are cleaved, implying that expansion is fully reversible (see
Supplementary Fig. 3). Gray and black arrows indicate the positions of full-length CP and the ∼30-kDa cleavage
products, respectively. Negative stain transmission electron microscopy images of the samples prior to addition of
chymotrypsin are shown above each gel. The stain is largely excluded from the centers of native and recontracted virus
but is clearly able to penetrate to the center of the expanded form. (b) Denaturing agarose gel showing the results of
ribonuclease A incubation of native and expanded TCVs, as well as protein-free TCV genomic RNA. Time points are
indicated under each lane in minutes. The protein-free genomic RNA was incubated in expansion buffer to allow direct
comparison. (c) Negative stain transmission electron microscopy of a virus complexed with three ribosome-like particles,
formed when expanded TCV was incubated with wheat germ extract. (d) Schematic representation based on known 3-D
structures of the presumed components (c).
72 Native and Expanded TCV Structuresresolution and employed icosahedral averaging.
The resulting structure would not, therefore, reveal
the presence of small nonsymmetric features.
Expanded, proteolyzed, recontracted virus sedi-
ments similarly, although it has clearly lost some
lower-molecular-weight material (Fig. 7a).
The results of the proteolysis experiments could
arise in two ways. They might reﬂect the behavior of
all viral particles in the sample, or they could
represent the average behavior of intact and
unchanged particles in the presence of a fraction ofthe material that has completely dissociated. To
determine which of these scenarios is more likely,
we prepared expanded proteolyzed TCV in which
cleavage of roughly half of the subunits had
occurred (Fig. 7b and c). This sample was then
analyzed by gel ﬁltration, and the protein content of
various fractions was determined by SDS-PAGE.
The column proﬁle reveals a VLP peak (fractions
8–11) that contains virtually all the A254 and by
implication the input viral RNA and has a protein
content with signiﬁcantly less cleaved CP than the
Fig. 7. Expansion and proteolysis lead to partial
extrusion of the viral RNA. (a) Sedimentation velocity
analysis of the different states of TCV studied. (b) Size-
exclusion chromatogram of expanded and proteolyzed
TCV VLPs. (c) SDS-PAGE of fractions from the size-
exclusion chromatogram shown in (b). Densitometry
measurements indicate that the percentage of full-length
CP in the starting sample (“load”) is ∼50% but increases to
∼80% in fractions 9–11. This is consistent with the
dissociation of proteolytically cleaved CP dimers from
VLPs. (d) Negative stain electron micrograph of the
expanded and proteolyzed TCV VLPs, showing the
increased heterogeneity and disruption to the structure of
the VLP. Inset is an aligned average of this type of particle,
calculated using multivariate statistical classiﬁcation. The
scale bar in both main panel and inset represents 50 nm.
73Native and Expanded TCV Structuresmaterial that was loaded. Lower-molecular-weight
fractions contain fragments encompassing the
cleaved S and P domains, and at later elutiontimes, the cleaved N-terminal fragments are
observed. This result is consistent with dissociation
of cleaved CP subunits from a VLP rather than a
mixture of dissociated and intact particles.
Presumably, such release would require A/B CP
dimers to dissociate. This may occur in stages after
initial cleavage of a single subunit with an external-
ized N-terminal domain. Loss of CP subunits in this
way would make the expanded and proteolyzed
VLP even more porous, although clearly it remains
stable when gently handled.
Negative stain EM of the expanded proteolyzed
fraction is instructive (Fig. 7d). Although expansion
results in an icosahedrally symmetric structure
(Fig. 5), subsequent proteolysis leads to a mixed
population of VLPs, many of which show a clear
loss of symmetry. Such images are consistent with
extrusion of the viral RNA from a unique site within
the capsids. The degree of extrusion appears to vary
between VLPs. However. the majority of VLPs
appear to contain small disruptions to the capsid
structure to some degree (Fig. 7d and inset).
Implications for the viral lifecycle
In native TCV virions and many other ssRNA
viruses, the packing density of the nucleic acid is
close to, or even exceeds that of, double-stranded
DNA in tailed phages.27 The latter virions are the
most successful entities in the biosphere. Their
lifecycle includes formation of a prohead (immature
capsid), which is ﬁlled with the DNA genome using
a phage-encoded, ATP-dependent packaging motor
protein attached at one vertex of the spherical
capsid.28,29 This motor complex is replaced by the
phage tail in mature particles. Upon location and
binding to the membrane of a host bacterium, the
free energy stored in electrostatic repulsion between
DNA phosphates is released as the DNA exits the
capsid via a protective tail structure.
Although in principle able to exploit similar
physical forces, no equivalent structures exist for
ssRNA viruses, and in vitro reassembly results
demonstrate that genome encapsidation does not
require the net input of free energy. Presumably, this
is because positively charged side chains on the
inward face of the S domains and the N-terminal
regions (∼2700 side chains per particle) can signif-
icantly neutralize the repulsive forces within the
RNA. If this is the case, disassembly/uncoating
must make use of a distinct mechanism that
destabilizes the native virion structure. TCV and
many other ssRNA plant viruses exploit the
chelation of divalent metal ions within their capsids
to trigger a conformational change associated with
cell entry.14 For the majority of these viruses, this
creates an expanded capsid containing pores large
enough to permit exit of ssRNA. In TCV, the
expanded form is not very stable, dissociating on
74 Native and Expanded TCV Structuresaddition of higher salt concentrations or in response
to high-speed centrifugation (Fig. 7a). Such dissoci-
ation would expose the viral RNA to host cell
defense mechanisms such as RNA silencing and so
would presumably be strongly selected against
in vivo. As described above, the structure of expanded
TBSV shows that additional protein–protein contacts
stabilize the expanded state. We assume that similar
but nonidentical contacts are made in expanded
TCV, implying that a metastable expanded state is
preprogrammed into the viral lifecycle.
It is from this expanded structure that the viral
genome must be brought into contact with host
factors. The reduced ordering of the internal TCV
density on expansion suggests that the RNA and
CP N-terminal regions are more dynamic following
expansion, thereby facilitating such interactions,
although in our experiments the RNA remained
resistant to nuclease (Fig. 6). In expanded TBSV, it
appears that the N-terminal regions of B subunits
become extruded to the exterior of the particle,
although there was no density for this portion of
the CP in the electron density map. Since the viral
RNA in the expanded TCV particle remains
inaccessible to nuclease, the implication is that
some CP N-terminal regions have dissociated from
the RNA and become externalized. Such a process
would presumably be assisted by both expansion
and ingress of cellular counterions.
In contrast to the apparent resistance of the viral
RNA in the expanded virion to nuclease, the
formation of striposomes in the presence of wheat
germ extract is suggestive of the fact that one end of
the viral RNA can exit the expanded particle and is
able to contact a ribosome. Since the striposomes
seen resemble polysomes with up to ﬁve ribosomes
on an RNA, the implication is that the 5′ end exits
the capsid ﬁrst, although we have been unable to
detect translation products using biotinylated amino
acids. A high-afﬁnity ribosome binding site at the 3′
end of TCV RNA has also been described,30 but if
ribosomes bind functionally, the free energy ofFig. 8. Amodel for uncoating the TCV genome. The native T
Ca2+ and electrostatic repulsion (b). The expanded VLP is po
sensitive to proteolysis. Proteolytic cleavage at these sites lead
the VLP and externalization of genomic RNA. This then allow
genomic RNA, resulting in the formation of virus-linked polytranslation could be used to further extrude the
RNA from its container, coating it with ribosomes to
prevent silencing. The protein capsid would thus
retain its protective role right up until the genome is
fully extruded and bound to the translational
apparatus of the host cell.
The asymmetric VLPs seen following proteolysis
of the expanded form of TCV are obvious potential
intermediates in such a reaction sequence and
provide the ﬁrst structural glimpse of how genome
uncoating proceeds for this class of virus (Fig. 8).
The partial extrusion of the genomic RNA from
these particles suggests that charge repulsion is able
to promote the earliest stage of uncoating. The loss
of positively charged N-terminal regions via prote-
olysis would increase this effect. This, combined
with the exquisite proteolytic sensitivity of the CP,
strongly suggests that proteolysis is a prerequisite
for this step. The putative capsid protein(s)
attached to the end of the extruded RNA, visible
in a number of the VLPs, may mediate initial
ribosomal contacts. As the negative stain EM
suggests that RNA is extruded from a unique site
on the capsid, it is plausible that this protein moiety
may be p80.
The structural similarity of many plant viral CPs
and the common occurrence of expanded forms
suggest that many viruses use similar uncoating
mechanisms. RNA extrusion has also been postu-
lated to be the uncoating mechanism for picornavir-
idae but in those cases occurs at the external cellular
receptor or within the endosome.31,32 Uncoating in
the RNA phage MS2 also occurs adjacent to a
pore at a 5-fold vertex identiﬁed as the location of
the single copy of maturation protein per capsid.20,21
In MS2, there is extensive evidence for the roles
played by the viral RNA in assembling an uncoating-
competent capsid,33,34 starting with a sequence-
speciﬁc RNA–protein assembly initiation complex,
similar to the one proposed for TCV.9,35,36
Our results provide novel insights into the
functioning of a complex RNA–protein machineCV virion (a) undergoes an expansion linked to release of
rous and exposes sites in the N-terminal region that are
s to a loss of CP subunits (c), introducing asymmetry into
s the translational machinery of the plant cell to access the
somes or “striposomes.”
75Native and Expanded TCV Structureswhose dynamic behavior is tailored to release its
precious genomic cargo only at the appropriate
point of the infection cycle.Materials and Methods
EM data collection and image preprocessing of
native TCV
TCV was puriﬁed from Nicotina benthamiana leaves,
infected with 35S-TCV (derived from TCV-M cDNA)
in an Agrobacterium tumifaciens vector, as described
previously.3,37,38 Three microliters of 2 mg mL−1 native
TCV in 10 mM sodium phosphate, pH 7.4, and 10 mM
magnesium sulfate was applied to 400 mesh copper grids
overlaid with holey carbon ﬁlm (Quantifoil R1.2/1.3;
Quantifoil Microtools GmbH), blotted for 1.6 s and ﬂash-
frozen in liquid ethane using a pneumatic plunging
device.39 Grids were stored in liquid nitrogen. Samples
were imaged using an FEI Tecnai-F20 electron microscope
at 200 kV, with a nominal magniﬁcation of 50,000×
(calibrated at 52,911× against an external standard).
The dose used for each exposure was between 10 and
20 electrons/Å2. Micrograph defocus ranged from −1.5
to −3 μm. Images were recorded on a Kodak SO-163
photographic ﬁlm. Film was digitized using a Zeiss SCAI
microdensitometer at 7 μm/pixel, resulting in a ﬁnal
object sampling of 1.323 Å/pixel.
The contrast transfer function was calculated for each
micrograph using the programCTFFIND3.40 Particles were
interactively selected using the program BOXER.41 A total
number of 18,681 molecular views of native TCV were
selected. Correction for the contrast transfer function was
applied in SPIDER by computational ﬂipping of image
phases.42 A band-pass ﬁlter was applied with a lower limit
of 550 Å and upper limit of 6 Å. All subsequent image-
processing steps were performed in SPIDER. All images
were normalized to a constantmean and standarddeviation
and then centered by iterative translational alignment.
For negative stain EM, the sample was applied to a
carbon-coated grid (Agar Scientiﬁc), which had been
treated with UV light for 15 min, and removed by blotting
after 30 s, and 1% (w/v) uranyl acetate was applied and
removed by blotting after 10 s.Single particle reconstruction of native TCV
All images were rotationally and translationally
aligned to a single reference image (the rotationally
averaged total sum of the data set) and subsequently
divided into 100 classes on the basis of multivariate
statistical analysis using IMAGIC.43 A starting model was
obtained by selecting a class representing a 5-fold view
and using back-projection with icosahedral symmetry
imposed. For each iteration, the reconstruction was
reprojected over a range of angles (53–331 angles,
representing an angular spacing of 3–1.5°) to obtain
reference images that evenly covered the icosahedral
asymmetric unit. All image data were then aligned to
these references. The images corresponding to each view
were ranked according to their cross-correlation coefﬁ-cient (CCC), and the best-aligning members for each class
were averaged, such that the most populated class never
contained more than three times the number of images of
the least populated class. The class averages were back-
projected to obtain a new reconstruction, which was then
used to generate a new series of reference images. The
resolution of the ﬁnal reconstruction was determined
using the criterion of 0.5 Fourier shell correlation44
(Supplementary Fig. 4).Expanded and recontracted TCV capsids
Expanded TCV capsids were obtained by incubating
native TCV in a 0.1-M Tris buffer, pH 8.0, containing 5mM
EDTA and, except where stated, a protease inhibitor
cocktail (Roche Complete). Sample preparation and
microscopy were performed as for the native virus.
Micrographs recorded (at a calibrated magniﬁcation of
52,911×)were scanned on an Imacon FlexTight 848 scanner
at 10 μm/pixel, corresponding to an object sampling of
1.89 Å/pixel. Image preprocessing and single-particle
reconstruction were done as for the native virus. Micro-
graph defocus ranged from −1.7 to −4 μm. The total data
set was 5121 particles, of which 2610 were used in the ﬁnal
reconstruction. For the recontracted TCV particle recon-
struction, images were collected at a calibrated magniﬁca-
tion of 69,020 on a Gatan US4000 SP CCD camera, giving a
ﬁnal object sampling of 2.17 Å/pixel. We used 3885
particles.Atomic structure fitting
Coordinates for the C subunit conformer of TCV CP
[Protein Data Bank (PDB) code 3ZXA], as separate S and P
domains, were obtained from Prof. S. C. Harrison
(Harvard Medical School). To generate the complete
capsid, we aligned individually the two separate domains
of the TCV CP to the TBSV crystal structure (PDB
accession code 2TBV45) to create the CP trimer that is
the repeating unit of the capsid. The N-terminal
fragment (residues 53–80) of the C-type subunit was
then removed as this region is disordered in A and B
subunits. The P domains for the A- and B-type subunits of
the CP trimer were then further manually rotated and
translated, as rigid bodies, to ﬁt the native TCV cryo-EM
density better. This is consistent with the observation that
the hinge angle between the S and P domains is different
for TBSV and TCV.3 The resulting asymmetric unit was
then rigid body reﬁned against the native TCV cryo-EM
data with icosahedral symmetry applied, using CNS.46
This resulted in an excellent ﬁt to the cryo-EM electron
density, reﬂected in the improvement in CCC47 from 0.20
to 0.33, between the model and the data after modiﬁca-
tion of the S–P hinge angle and rigid-body reﬁnement.
The magniﬁcation of the map was conﬁrmed by
correlation against the ﬁtted coordinates. The same
approach was taken to ﬁt the TCV atomic coordinates
into the cryo-EM density for the expanded capsid. In this
case, the density was best ﬁtted by an expanded
asymmetric unit trimer in which the individual subunits
were moved apart. As for the native TCV structure, the
CCC of the model and the data were improved (to 0.43)
by rigid-body reﬁnement using CNS. The relative
76 Native and Expanded TCV Structuresorientations of the S and P domains of the individual
subunits did not change.
Protease and nuclease accessibility
TCVwas incubated under different conditions to obtain
(a) native particles (10 mM MgSO4 and 10 mM Na
phosphate, pH 7.4), (b) expanded particles (5 mM EDTA
and 25 mM Tris, pH 8.5), (c) dissociated virus [5 mM
EDTA, 100 mM Tris (pH 8.5) and 1 M NaCl] and (d)
recontracted capsids prepared as in (b) followed by the
addition of CaCl2 and Hepes at pH 7.5 to ﬁnal
concentrations of 10 mM and 100 mM, respectively.
For protease digestion, a reaction containing
1:100 w/w chymotrypsin:TCV was incubated at room
temperature, and aliquots were taken after 0, 2, 5, 10, 30
and 60 min. The reactions for SDS-PAGE were stopped by
boiling the sample in 4 volumes SDS loading buffer for
2 min and analyzed on a 10% w/v gel and stained with
Coomassie blue. Proteolysis reactions for gel-ﬁltration
analysis were stopped by adding Roche Complete protease
inhibitor (1/10th volume of a solution of 1 tablet/mL),
160 μg Pepstatin A in dimethyl sulfoxide and 2 mg
Aprotinin per milliliter of reaction volume. Particles were
separated on a 10/300 GL Superdex S200 column using an
AKTA Explorer at a ﬂow rate of 0.5 mL/min. Fractions
(1 mL) were collected and concentrated using an Amicon
Ultra (3 kDa molecular mass cutoff, Millipore) before
analysis on SDS-PAGE.
For RNase digestion, 0.1 ng of ribonuclease A (Ambion,
AM2274) was added to separate aliquots of TCV treated as
for the protease digestion, as well as protein-free TCV
genomic RNA in expansion buffer. The samples were
phenol extracted and ethanol precipitated following
standard protocols, and the RNA was recovered by
centrifugation at 17,000g at 4 °C. Pellets were washed
with 50 μL of 75% (v/v) ethanol and repelleted. The RNA
was then resuspended in nuclease-free water (Fermentas),
and aliquots were incubated at 65 °C with an equal volume
of formaldehyde loading buffer (Ambion) containing
0.2 μg/μL ethidium bromide (Sigma) to denature the
RNAbefore analysis on a denaturing 1.5%w/v agarose gel.
Mass spectrometry
Native, expanded, dissociated or recontracted TCV was
prepared as above and incubated for 40 min with
chymotrypsin. The mixtures were then desalted using
C4 ziptips (Millipore) according to the manufacturer's
protocol and eluted in 60% v/v acetonitrile and 3% v/v
formic acid. Electro-spray ionization mass spectra were
recorded using a Q-TOF mass spectrometer (Waters).
Two major proteolysis products were observed at
30,802 Da and 29,647 Da, as well as a number of smaller
peptides. Three of these smaller peptides were directly
sequenced by tandem mass spectrometry (see Supple-
mentary Fig. 4).
N-terminal sequencing
Chymotrypsin-treated native, expanded, dissociated or
recontracted TCV was prepared as above. Samples were
fractionated on an SDS-PAGE gel before blotting onto apolyvinylidene ﬂuoride membrane. The blot was stained
with Coomassie blue, and the major proteolysis bands at
∼31 and 29.5 kDa were subjected to N-terminal sequenc-
ing by Edman degradation (see Supplementary Fig. 4).
Sequencing of the CP gene
A PCR product encompassing the CP gene was prepared
by reverse transcription of TCV genomic RNA phenol
extracted from native virus, using a Transcriptor High
Fidelity cDNA Synthesis Sample Kit (Roche), and the
reverse primer 5′-CCCTAACACAGGTCAAAA-
TAAAGCG-3′. PCR was carried out using a KAPA2G
Robust PCR Kit (Kapa Biosystems, Boston, USA) according
to the manufacturer's instructions and primer 5′-
CCTGAAATCAAACCGATTCACACATCC-3′. The PCR
product was puriﬁed on a 1.5% w/v agarose gel in TBE
running buffer (89 mM Tris–borate and 2 mM EDTA) and
recovered using a QIAgen Gel Extraction Kit (QIAGEN,
Washington, USA). PCRproductswere submitted toGATC
Biotech for automated sequencing using the primers listed
above, as well as two further internal primers, MF (5′-
CGAGATGCAGCCAAACCTCC-3′) and MR (5′-
GCTGATACCATCCGCCACAAAGC-3′), selected to en-
sure coverage of the entire gene.
Striposomes
Expanded TCV was added to a wheat germ extract
(Promega). An excess of Mg2+ was added to the reaction
after mixing in the EDTA-containing expanded TCV. After
incubation at 25 °C for 30 min, cycloheximide (Sigma) was
added to a ﬁnal concentration of 1 mg/mL to stop
translation. The sample was then centrifuged at 4 °C for
10 min before application to a UV-treated EM grid and
staining with 1% w/v uranyl acetate. Samples were imaged
in a F20 microscope at 50,000× nominal magniﬁcation.
Analytical ultracentrifugation
Samples (0.32 mL) were placed in 1.2-cm-path-length 2-
sector meniscus-matching epon centerpiece cells built
with sapphire windows. These were then centrifuged at
10,000 rpm and 20.0 °C in an An50Ti analytical rotor in an
Optima XL-I analytical ultracentrifuge (Beckman Instru-
ments, Inc., Palo Alto, CA 94304). Changes in solute
concentration were detected by interference and absor-
bance scans at 270 nm. Buffer densities and viscosities
were calculated using the program Sednterp version 1.09
(2006, Dr. Thomas Laue, Department of Biochemistry,
University of New Hampshire, Durham, NH 03824).
Radial absorbance plots were used for ﬁtting to sedimen-
tation proﬁles with the program Sedﬁt, version 12.1b
(2010), using a continuous distribution c(s) Lamm equa-
tion model.48
Accession codes
The updated TCV nucleotide sequence has been
deposited in GenBank with the accession code
HQ589261. The cryo-EM density maps for native and
expanded TCVs have been deposited in Electron
77Native and Expanded TCV StructuresMicroscopy Data Bank with accession codes 1863 and
1864, respectively. The ﬁtted atomic coordinates for native
and expanded TCVs have been deposited in the PDB with
accession codes 3ZX8 and 3ZX9, respectively.
Supplementary materials related to this article can be
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